ABSTRACT Extracellular calcium transients were resolved within the time course of single contraction cycles in rabbit left atrium using tetramethylmurexide (2 mM) as the calcium-sensitive dye (150-250 ,,M total calcium, 80-150 AM free calcium) . Net extracellular calcium depletion began within 2-4 ms upon excitation ; over the following 5-20 ms, depletion continued steeply and amounted to 0 .2 Amol/kg wet weight 10 ms (135 AM free extracellular calcium). In regularly excited muscles (0 .5-2 Hz), net depletion slowed rapidly and stopped early during the rise of contractile motion monitored by transmitted light. Maximum depletions amounted to 0 .2-0 .5% of total extracellular calcium (0 .2-0 .5,umol/kg wet weight with 135 AM free calcium) . Replenishment of extracellular calcium began at the latest midway to the peak of the motion signal . Calcium replenishment could be complete for the most part by an early phase of relaxation or could take place continuously through relaxation . The maximal net depletion per beat decreased manyfold with a decrease of frequency from 1 to 0.05 Hz . During paired pulse stimulation (200-300-ms twin pulse separation at basal rates of 0.3-1 Hz), extracellular calcium accumulation was enhanced at the initial potentiated contraction ; extracellular calcium depletion was prolonged at the low-level premature contraction . With quadruple stimulation (three premature excitations), the apparent rate of net extracellular calcium accumulation at potentiated contractions approached or exceeded the apparent rate of early net calcium depletion. Under the special circumstance of a strongly potentiated post-stimulatory contraction after >5 s rest, repolarization beyond -40 mV occurred within 10 ms, net extracellular calcium accumulation began with the onset of muscle motion, and net extracellular calcium accumulation (1-3 AM/kg wet weight) coincided with a more positive late action potential in comparison with subsequent action potentials. Consistent changes of the apparent rate of early net calcium depletion were not found with any of the simulation patterns examined. In ryanodine-pretreated atria, the duration of depletion was clearly limited by action potential duration at post-rest stimulations; in the presence of 4-aminopyridine (2 mM), depletion continued essentially undiminished for up to 200 ms . The resulting net depletion magnitudes were >10 times larger than the transient depletions found during steady stimulation, J . GEN . PHYSIOL .
INTRODUCTION
THE JOURNAL OF GENERAL PHYSIOLOGY " VOLUME 87 " 1986 High temporal resolution of trans-sarcolemmal calcium movements in mammalian cardiac muscle should contribute substantially to an understanding of sarcolemmal mechanisms in the control of excitation-contraction coupling . In addition to the resolution of extracellular calcium transients during steady stimulation, this study will concentrate on intrinsic inotropic mechanisms revealed by non-steady state stimulation. The most basic phenomenon is "frequency inotropy" or an increase of force with an increase of frequency (Bowditch, 1871) . With confidence, it can only be generalized at present that heterogeneous mechanisms are involved in different preparations and under different conditions. Mechanisms that must be considered on the basis of recent work are a primary accumulation of calcium at a release site (Fabiato, 1985b) , accumulation of intracellular sodium coupled to calcium (Cohen et al ., 1982) , action potential broadening caused by the decay of outward current (Boyett, 1981) , and facilitation of calcium current (Noble and Shimoni, 1981 ; Brown et al., 1984) . In extracellular calcium transients, net calcium depletion during post-rest stimulation is likely to be indicative of calcium store loading. In principle, the extracellular calcium transients should reveal whether an enhanced calcium influx with an increase of frequency (see Winegrad and Shanes, 1962, and Grossman and Furchgott, 1964 , for early work in atrial muscle) is due simply to a prolongation of the action potential, which would probably be reflected in the duration of influx, or to a change of calcium channel conductance, which would be reflected in the rate of depletion.
The production and decay of post-stimulatory potentiation is a striking means of directing trans-sarcolemmal calcium movements either as net calcium influx or efflux and thereby studying the underlying control mechanisms (Hilgemann, 1986) . A related phenomenon of general interest in cardiac physiology is the inotropic pattern induced by paired pulse stimulation (see Cranefield and Hoffman, 1968) , whereby an early, premature stimulation is imposed at short intervals after each regular excitation . During continuous paired pacing, the initial contraction becomes strongly potentiated, whereas the contractile response at the premature excitation is usually small and in some preparations can be negligible. Recently, Fabiato (1985b) has reproduced the inotopic patterns of post-stimulatory potentiation and paired pacing in skinned cardiac Purkinje cells with "simulated calcium currents" in calcium release experiments. This work strongly implicates the loading and release function of sarcoplasmic reticulum in these phenomena, and suggests an integration of sarcolemmal mechanisms with the calcium store function, which would generate the inotropic patterns . It should be of interest, therefore, to compare the simulated sarcolemmal function with trans-sarcolemmal calcium movements in an intact muscle during the same patterns .
A primary methodological question in this work is whether extracellular calcium transients can be confidently resolved from light changes caused by muscle contraction. In the present application, the contraction artifact (or motion signal) might be a more severe problem than in frog myocardium (Cleeman et al., 1984 ; Hilgemann and Langer, 1984a) , where a direct influx of calcium from D. W . HILGEMANN Extracellular Ca Transients in Rabbit Atrium . H. 709 the extracellular space may account for activation of the contraction (Antoni et al ., 1969 ; Kavaler, 1974 ; Anderson et al., 1977; Morad et al., 1983) . In frog ventricle, a movement compensation procedure has been described, whereby the movement artifact signals are first suppressed by a scaling and subtraction of signals without dye in the extracellular space (Cleeman et al ., 1984) . The wavelength-dependent light changes, which develop upon addition of dye, can then be attributed to extracellular calcium shifts . In the present work, an additional control is used, whereby the calcium-dependent signal components are suppressed with a competing calcium buffer at a high concentration . In this way, the motion artifact signals can be studied in the presence of the dye in the extracellular space . This control is important, particularly with high dye concentrations, because muscle expansion and movement might be expected to shift dye out of or into the light path. The subtraction procedure used here would exclude the influence of such an artifact by establishing that the motion signals at the wavelengths used for subtraction can be superimposed in the presence of dye on a routine basis . The approach does not depend on specific assumptions about the genesis of motion artifact signals, and it provides an independent means to select scaling factors for movement subtraction .
METHODS
The experimental set-up and muscle preparation were the same as described in the preceding article (Hilgemann, 1986) . In order to achieve a nearly homogeneous excitation of the patch of muscle in the light path, field stimulation was applied via platinum wire electrodes mounted just outside the 1 .5-mm fiber optic used for illumination. With the chosen electrode configuration and the stimulation strength set at 2.5 times threshold (0.5 ms), the upstrokes of action potentials measured at various positions in the muscle preparation were usually <2 ms out of phase . From the falling edge of the stimulus, the time to peak of action potentials measured in the illuminated muscle patch was routinely 2-3 ms; at low frequencies of excitation, which correspond to short, spike-like action potentials in this preparation, times of 3-5 ms were obtained . Action potentials were measured either before or after optical measurements. Absolute potential calibrations have not been given in the figures because of the relatively long duration of many impalements and the resulting baseline drift using the floating electrode arrangement . In those cases where the absolute potential was of special importance, short-term impalements were made with multiple checks of the resting membrane potential . The individual light signals were low-pass-filtered at 5 kHz and acquired digitally at 6-20 kHz using a Cromemco 3 (Mountain View, CA) microcomputer with 12-bit analog-to-digital conversion. To obtain satisfactorily low noise levels at the wavelengths with high background absorbance, 5-50 acquisitions were averaged for the signals presented .
The bath solution composition was (mM): 145 Na', 138 Cl-, 2.5 K+, 0.5 Mg", 15 dextrose, 20 HEPES, pH 7 .3; calcium concentrations are given in the text and figures . The citrate-containing bath solution had the following composition (mM): 145 Na', 35 Cl-, 2.5 K+, 30 citrate, 7 total calcium (or as given in text), 15 dextrose, 50 sucrose to maintain osmolarity, 20 HEPES, pH 7.3 . Magnesium was not added since it would have been bound. In some experiments, magnesium was also omitted from the normal bath solution as a control, but this factor had no effect on the results obtained in this preparation . The total calcium concentration ofthe citrate solution was chosen empirically to result in contraction artifacts of nearly the same magnitude as in the normal dyecontaining solution (usually 120 uM free calcium) . The free calcium of a 30 mM citrate-71 0 THE JOURNAL OF GENERAL PHYSIOLOGY " VOLUME 87 " 1986 containing bath solution with 7 mM total calcium was estimated at 160 AM with a calcium electrode . The free calcium concentrations of citrate solutions, which resulted in an equivalent contractility to normal bath solution, were consistently 25-40% higher than the normal bath solution . The same discrepancy was found when high concentrations of malate were used to buffer free calcium at higher concentrations . It is difficult to eliminate entirely the effects of anion substitution on the calcium electrode as a contributing factor (Dani et al ., 1983) , but it is striking that extracellular calcium buffering did not increase contractility in any observation . The citrate-containing solution had no discernible deleterious effects on muscle function or excitability and did not change the basic contractile responses during non-steady state stimulation .
The motion artifact signals corresponded to a decrease of absorbance in the large majority of rabbit atrial preparations . The peak magnitude of motion artifacts correlated closely with the peak developed tension over the range of contractility changes occurring in this study . Fig. 1 describes the typical relationship found between the two signals under the conditions of experiments (200 uM total calcium, 2 mM tetramethylmurexide), representative of >20 observations . Fig . 1 A shows averaged tension and light signals (680-nm signal) during steady I Hz stimulation (1), during 4 Hz stimulation (2), and at the subsequent potentiated post-stimulatory contraction after a 5-s pause (3) . The signals at 1 Hz were scaled to the same magnitude, and the relative magnitudes of the two signals at the lower and higher levels of contractility fall within 15% of one another. As can be seen here, the magnitudes of the contraction artifacts were found to rise and fall a bit more steeply than in the tension response during these contractility changes . However, the differences were consistently so minor that separate acquisition of a motion signal and the tension signal did not seem to be warranted for routine purposes .
The 680-nm motion artifact signal is used in this study as a monitor of the contractile response, primarily because it is the relevant control of contractility for the other light signals . A second reason for this choice is given in Fig. 1 B, which shows the averaged 680-nm light signal and developed tension at 1 Hz stimulation from another muscle (same conditions) . The light signal (680 nm) has a waveform somewhat different from that of the tension signal . Although this discrepancy was not invariable, the optical latency period at low levels of contractility was often significantly shorter than the mechanical latency period . For this work, the implication is that the contractile event can impinge on the resolution of the extracellular calcium transient at an earlier time than suspected from a tension record . Fig . 2 places the contractile state of muscles during extracellular calcium transients (200 gM total calcium, 120 uM free calcium) in relation to the midrange of contractility for a muscle . Tension measurements are shown in A for a post-stimulatory potentiation sequence and in B for steady state contractions at 2 Hz under the conditions of extracellular calcium transients . Part C shows steady state contractions at 2 Hz with 2 mM calcium (no dye) ; the contraction magnitude could be increased an additional 1 .8-fold by increasing the bath calcium to 6 mM . It should be kept in mind, therefore, that the maximum contraction occurring in this study in extracellular calcium transients is not more than 12% of the peak contraction magnitude obtainable with high calcium .
The precise forms and time courses of contraction artifacts at the different wavelengths monitored are of critical importance for this work . In previous studies, which examined net extracellular calcium shifts during non-steady state stimulation, all preparations selected for homogeneity could be used . However, a more stringent criterion was necessary in the present work . The criterion for results presented here was that motion artifact signals could be superimposed after suppression of the calcium-dependent component in the citrate solution . If this was not the case, the muscle was repositioned in the chamber and the motion artifacts were examined again . If wavelength-independent motion artifacts were not obtained in three or four attempts, the muscle was discarded . Stable, wavelengthindependent motion artifacts could be achieved in^-30% of the muscles . The following comments represent the experience of the author with more than 100 rabbit atrial preparations used to resolve extracellular calcium transients at high temporal resolution .
In a large percentage of muscles (^-50%), the 470-and 580-nm signals could be superimposed or very nearly superimposed by scaling, but the 680-nm signal showed discrepancies in the exact time course of either the rising or falling contraction phase . This finding is not surprising, given the possibility that shifts of dye into or out of the light path could contribute to the motion artifact signals. In this respect, the choice of 470-and 580-nm signals is advantageous for subtraction of the motion artifacts, since the 
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THE JOURNAL OF GENERAL PHYSIOLOGY " VOLUME 87 " 1986) baseline absorbances of tetramethylmurexide are nearly identical at these wavelengths with the calcium concentrations used (150-250 AM total calcium) . This consideration is an advantage of tetramethylmurexide over antipyrylazo III, which requires subtraction of signals at wavelengths with very different baseline absorbances . The subtraction of narrowly spaced wavelengths in a calcium-sensitive wavelength range of the tetramethylmurexide spectrum also is subject to this problem ; if dye shifts out of or into the light path, artifacts of different magnitude at different wavelengths would occur because of the different background absorbances . Furthermore, measurement of wavelengths with extremely high absorbances would have been necessary on a routine basis (500-550 nm). For example, >100 averagings of the isobestic point (510 nm) were necessary to obtain reasonably low noise levels even in the ryanodine state ; in three of three observations, 510 nm behaved in a completely calcium-independent fashion . Most importantly, a routine subtraction of narrowly spaced wavelengths was not reasonable, because the resulting calcium-dependent signals are of small magnitude in relation to the movement signal . The opposite calcium-dependent absorbance shifts at 470 and 580 nm give the largest possible ratios of calcium-related to movement-related signals .
In^-25% of the muscles, the 580-and 470-nm signals could not be superimposed by scaling. Rarely, large discrepancies were found, including the possibilities of biphasic motion artifacts and motion artifacts of different sign. Systematic deviations at the different wavelengths could not be established . In the large majority of preparations, the magnitudes of motion artifacts at 580 and 470 nm, in the presence of dye, were within 25% of one another. In the majority of experiments, motion artifacts at 680 nm were of somewhat larger magnitude than artifacts at lower wavelengths . In other types of preparations studied (e.g ., guinea pig atrium), these generalizations do not hold, although very similar extracellular calcium transients have been obtained . The adjustments of scaling factors needed to superimpose the 580-and 470-nm signals presented in this article were not more than 15% from scaling by transmitted light intensity . The calibrations given for the subtracted signals are a mean of the calibrations at the individual wavelengths . Essentially identical extracellular calcium transients were obtained when the motion artifacts reflected a decrease or increase of absorbance. One example of positive motion artifacts is given in the Results .
Significant calcium buffering by fixed binding sites in the extracellular space could influence both the magnitude and kinetics of extracellular calcium transients . Also, electrostatic interactions of calcium and/or dye with the cell surface might be expected to play a role in fast signals. Up to now it can be noted, however, that several relevant interventions did not alter any qualitative or temporal aspect of the signals described . (a) Extracellular acidosis has been found to effectively decrease the lanthanum-displaceable calcium fraction found in cardiac tissue culture and gas-dissected membrane preparations (Langer, 1985) , which probably reflects calcium bound to sarcolemmal membranes (Langer, 1984) . A reduction of the bath solution pH from 7 .3 to 6 .5 resulted in a threefold shift of the threshold for stimulation, but only decreased the magnitude of signals obtained (^-30%) without any change of their kinetic characteristics . (b) Dimethonium is a positively charged divalent molecule, which should screen calcium from the so-called diffuse double layers and reduce the magnitude of the layer at high concentrations (McLaughlin et al ., 1983) . No effect was found at concentrations up to 10 mM, and at concentrations up to 20 mM the threshold for stimulation was shifted to higher values but extracellular calcium transients were only decreased slightly in magnitude . (c) Magnesium in concentrations up to 10 mM, 80 times higher than the free calcium concentration in experiments, also had no effect on the time courses of signals obtained, and depressed the initial rates of calcium depletion by not more than 25% . 
Extracellular Calcium Transients During Steady State Stimulation
The ratio of calcium-dependent to contraction-dependent light signal components clearly improved with a reduction of extracellular calcium (or other negative inotropic interventions) . This is because the magnitudes of movement artifact signals were clearly a relatively steep function of the extracellular calcium concentration, whereas the magnitude of the extracellular calcium transients increased roughly linearly with increasing calcium over the range of 50-300 /AM . At 300 gM total calcium, however, resolution of extracellular calcium transients from the motion artifact signals was difficult . Therefore, most work was carried out with 150-250 IM total calcium . The relevance of the signals presented here to excitation-contraction coupling at normal calcium concentrations is supported by the ability to evoke characteristic contractile responses to premature or rapid stimulation and paired pulsing, contractile patterns widely thought to reflect the release of calcium by an internal calcium store . At lower total calcium concentrations of 40-80 uM (25-50 1M free calcium), it was possible to evoke cumulative depletions of extracellular calcium with almost no contractile response, but the typical contractile patterns were absent (and with time preparations became inexcitable) . Correspondingly, post-stimulatory excitations did not result in potentiated contractions or net accumulation of extracellular calcium as described previously (Hilgemann, 1986) . In this work, as well as in work with other preparations (primarily frog ventricle and guinea pig atrium), slow positive staircase mechanisms, taking 2-6 min to accumulate at normal calcium, were often of very small relative magnitude, although muscles responded strongly to other positive inotropic interventions (e .g., isoproterenol).
Figs . 3 and 4 present signals obtained during steady stimulation at 2 Hz with 0.25 and 0.1 mM total calcium, respectively . Fig . 3 demonstrates the movement subtraction procedure for the worst ratio of movement signal to calcium signal in this article, and this is the most extreme situation where the movement subtraction procedure would be defended as giving an accurate representation of the extracellular calcium transient . Parts A and B of Fig . 3 show signals obtained in the citrate containing solution (30 mM citrate, 7 mM total calcium) ; C and D show signals without citrate (2501M total calcium, 135 j,M free calcium) . Part A shows the raw signals with scaling factors adjusted so that the three light signals are superimposable . The scaling factors for the 580-and 470-nm signals are within 15% of scaling by transmitted light intensity and are the same in each part of the figure ; the scaling factor for the 680-nm signal is smaller, reflecting a larger motion artifact at 680 nm .
Fig . 3B shows the inverted 680-nm signal and the 470-580-nm subtracted signal (i .e ., the 580-nm signal subtracted from the 470-nm signal, hereafter referred to as the 470-580 signal) after amplification of each of the signals by a factor of 2. The subtracted signal is nearly flat at this amplification . Part C shows the raw light signals with the normal bath solution (same calibrations as in A). Note that there is an initial increase of absorbance at 580, a decrease at 470 nm, and no change at 680 nm during the latency period . In this example, the slopes The assumption underlying this subtraction procedure is that the high citrate concentration would buffer calcium fast enough and efficiently enough to greatly limit calcium movement to and from the 2 mM tetramethylmurexide. This assumption is clearly supported by the nearly complete abolition of fast light changes, which are consistent with an initial depletion of extracellular calcium in these experiments. The assumption is also supported by the fact that the initial light changes interpreted as calcium depletion could be very markedly reduced with less extensive buffering (8 mM citrate) . The time courses of light signal changes upon switching solutions were consistent with an excess citrate buffer capacity ; signals interpreted as calcium depletion disappeared within 1-2 min upon switching to the citrate bath solution, whereas 6-15 min was required for the signals to return after switching back to the normal bath solution . At both 470 and 580 nm, baseline absorbances of the dye in the two solutions were not more than 15% discrepant. Motion artifact signal magnitudes were nearly identical in the two solutions.
The subtracted signal reflects an early, rapid depletion of extracellular calcium, which, however, slows markedly by the initial rise of motion and stops early in the rising motion signal . A slowing of the absorbance shifts, thought to represent net calcium depletion, is actually apparent in the latency period of the raw signals on close examination. Replenishment of extracellular calcium is essentially complete by the end of the contraction, and is complete to a substantial degree by the peak of contraction. The magnitude of depletion is estimated at 0.6 AM of the total 250 AM extracellular calcium (150 AM free calcium). With motion signals of this magnitude, the putative extracellular calcium transient can be changed markedly by the scaling procedure, which can either accelerate or slow the replenishment phase. The rapid depletion phase can be extended or abbreviated within a factor of^. 2 before obvious effects of muscle contraction are apparent in the subtracted signal (15-20% changes of the scaling factors) . However, the initial rate of calcium depletion over the first 15-20 ms (-0.5 AM/ 10 ms) is not dependent on the scaling procedure, nor is the conclusion that extracellular calcium re-equilibrates to the prestimulatory level by the end of contraction. The inferred rate of calcium influx would be 0.2 Amol/kg wet weight 10 ms (40% extracellular space) . Here and in all subsequent references to rates, tangent lines to the extracellular calcium transients were drawn by eye and the slopes were calculated from calibrations of the signals or derivatives were calculated from second-order polynomials fitted to 20 points . Fig. 4 shows the more advantageous situation, which can be achieved routinely with 100 AM total calcium (2 Hz stimulation) . In this one case, signals are presented with a positive contraction artifact component. Part A shows the raw, intensity-scaled signals; total light changes in these signals are much smaller than in the previous figure ; the 470-and 580-nm signals show more noise owing to the high background absorbance of the dye as compared with the 680-nm signal . Note the rapid fall of absorbance at 470 nm and the increase of absorbance at 580 nm . Part B of the figure shows subtracted signals, and illustrates that essentially the same extracellular calcium transient can be obtained by each of the three possible movement subtractions . For the top curve, the 680-nm signal is subtracted from the 470-nm signal . For the middle curve, the 680-nm signal is subtracted from the 580-nm signal, and the inverted signal thought to reflect extracellular calcium has been amplified by a factor of 1 .3 to give a signal of similar magnitude to the previous one. The bottom signal given is the usual 470-580-nm subtraction with the amplification decreased by a factor of 2 to make the resulting signal similar in magnitude to the others . The magnitude of the subtracted signal in this case is substantially larger than the contraction artifact 71 6 THE JOURNAL OF GENERAL PHYSIOLOGY " VOLUME 87 " 1986 signal component at any of the wavelengths, and scaling factors can be changed by >20% with only little effect on the resulting signal (primarily a change of the apparent rate of calcium replenishment). depletion phase began within 4 ms of stimulation in this muscle and in the great majority of preparations studied; this was determined from differentiated signals. The onset of depletion could often be accelerated by increasing the stimulation parameters . Therefore, a more detailed analysis of the onset of depletion did not seem useful . In comparison with Fig. 3 , the depletion continued almost linearly into the motion signal and stopped about one-third of the way to motion peak . Replenishment takes place through the motion signal and continues into a slow terminal relaxation phase, which is apparent in the amplified motion artifact signal . The late re-equilibration of extracellular calcium can be inferred from the raw 470-and 580-nm light signals, which show relatively slow, opposite changes through the terminal relaxation phase. The total magnitude of depletion is estimated at 0.4 IM of the 100 jAM total extracellular calcium.
Frequency of Stimulation
All subsequent extracellular calcium transients were made using 150 or 200 JAM total calcium, concentrations at which the primary interval-strength mechanisms of interest were invariable, and at which resolution of the calcium transient was not severely limited by motion signals. Fig. 5 shows typical motion signals and extracellular calcium transients determined at three frequencies (200 AM total calcium). In this case, the signals were obtained in the presence of 1 yM propranolol to avoid possible effects of catecholamine release. The signals labeled "1" were at 0.02 Hz stimulation, those labeled "2" were at 0.3 Hz, and those labeled "3" were at 1 .0 Hz. The scaling factors used in all of the signals were those obtained for subtraction of the contraction artifact at 1 .0 Hz. The maximum net depletion at 0.02 Hz was at least fivefold smaller than at 1 .0 Hz, which was typical for 10 observations . At 0.3 Hz, a rapid initial depletion was apparent, and at 1 .0 Hz the depletion was somewhat prolonged to -25 ms (see also Fig. 7 regarding prolongation) ; replenishment of calcium was not complete within the time course of the contraction . A close examination of the signals reveals at most a modest increase of the initial rate of depletion in the signal at 1 .0 Hz in comparison with the signal at 0.3 Hz. The almost complete absence of an extracellular calcium signal at 0 .02 Hz is striking, but 0.5-1 .5 mM 4-aminopyridine (4-AP) invariably increased the extracellular depletion at low frequencies to nearly the magnitude and speed of those found at high frequencies; in the presence of 1 mM 4-AP, an enhancement of net depletion with an increase of frequency was found in only 2 of 12 preparations studied (for brevity, no curves are presented; further relevant results are given in subsequent figures). Facilitation of depletion responses was not found in guinea pig atrium or frog ventricle. nm, and the lack of change at 680 nm are indicative of a net depletion of extracellular calcium with almost no contractile response . The total magnitude of absorbance shifts at the premature excitation (470-580 nm) was typically -20% of the magnitude of contraction artifacts at the initial excitation . With 150 AM total calcium, the 470-and 580-nm signals obtained in citrate bath solution could be superimposed routinely at basal frequencies of up to 1 Hz . For brevity, citrate signals will be shown only for the more extreme case of three premature excitations described later.
The following features of the subtracted signal are not dependent on the precise subtraction procedure : (a) the apparent early rates of depletion are very similar at the initial and the premature excitations ; early signals can be superimposed within their signal width; (6) the first excitation results in net extracel-lular calcium accumulation ; (c) the premature excitation results in a prolonged period of net depletion through the peak of the small motion artifact signal . As with previous signals, the aspect that is most sensitive to the subtraction procedure is the time course of calcium efflux during contraction, which can be made to appear complete at about the peak of contraction or can take place more slowly up to the premature excitation. In the majority of experiments, the controls favored a scaling of the subtracted signal, with the steepest portion of calcium accumulation falling about one-third of the way to the peak of contraction. The net calcium depletion at the premature excitation, which was unaffected by large changes of the scaling factors, is estimated at 1 .2 wM of the total 150 jM extracellular calcium. Note that the subtracted signal underwent a downward n 250 ms shift during the observation period, which is indicative of a net calcium uptake during each twin pulse sequence and net extrusion between the acquisition periods; this was typical in the great majority of observations . Fig. 7 describes the effect of the basal stimulation rate on the paired pulse signals. In this case, the twin stimulations were made at 250-ms intervals. The basal frequencies for the signals are 0.02 (1), 0.3 (2), and 0.6 (3) Hz. The motion artifact signals are given in part A; the 470-580-nm signals, all determined with the same scaling factors, are given in part B. At the initial excitation at 0.02 Hz, depletion was close to noise level; at the subsequent premature excitation, depletion was rapid but brief, and the twin stimulation resulted in an estimated net depletion of extracellular calcium of 0.8 uM. At the initial excitations, the magnitudes of both depletion and replenishment increased with an increase of the basal rate. Comparing the 0.3-and 0.6-Hz responses, the calcium accumulation phase was more strongly enhanced and accelerated at 0 .6 Hz. The maximal rate of net extracellular calcium accumulation at 0.6 Hz was -70% of the initial rate of calcium depletion at 0.6 Hz. The increase of the basal rate clearly increased the duration of depletion at the premature excitations; the early 72 0 THE JOURNAL OF GENERAL PHYSIOLOGY " VOLUME 87 " 1986 depletion signals could be quite precisely superimposed after amplification and appropriate display.
Action potentials measured during paired stimulation consistently showed a rapid repolarization at the initial large contraction, with net calcium accumulation taking place through repolarization . Action potentials at premature excitations were prolonged by comparison in a positive potential range. With an increase of the basal rate, the action potentials increased in duration at both the initial excitation and the premature excitation . Under control conditions, as in Figs . 6 and 7, the transition from calcium depletion to calcium replenishment at the initial excitation was estimated to take place between -20 and -40 mV . In an attempt to prolong the action potential and (presumably) eliminate the influence of calcium-independent transient outward current, the signals were examined in the presence of a high concentration of 4-AP (2 mM). This concentration fully abolishes positive action potential staircases found with increments of frequency in this preparation. For the results presented in Fig. 8 , action potentials were measured after the extracellular calcium transient. Fig. 8 gives the motion signal, the extracellular calcium transient, the action potential recording, and the actual contraction record for the sequence . Notably, the initial repolarization remained quite rapid at the potentiated contraction in comparison with the premature excitation . Depletion stopped early during the rise of contraction at about -10 mV . Calcium accumulation was delayed in comparison with previous results (confirmed in five observations) and appeared to take place in two phases, becoming more rapid during the late rise of contraction and being complete before relaxation and repolarization ended. At the premature excitation, the action potential showed a genuine plateau corresponding closely to the period of net calcium depletion. D 
721
Quadruple Pacing
In Fig. 9 , the paired pulse sequence is extended to three premature excitations. The movement subtraction procedure is shown for the repeated sequence of four rapid stimulations at 250-ms intervals (three premature excitations), followed by a stimulation pause of 2 s. Before acquisition of signals, the stimulation sequence was repeated until a steady state was achieved . A and B, or the subtracted signals a and b in part C) . As is apparent in Fig. 9C , the motion subtraction leaves some small transient shifts of absorbance, which at the potentiated contraction are probably due to incomplete movement subtraction. At the subsequent premature excitations, the residual transient absorbance shifts could be due to incomplete calcium buffering by 30 mM citrate as well as incomplete movement subtraction. The net accumulation of extracellular calcium at the first excitation was substantially larger and faster than in signals obtained for paired stimulation. The apparent rate of early depletion remained similar at each excitation, but depletion was very much abbreviated at the initial excitation . Net calcium accumulation begins with a delay of -50 ms, and relatively small changes of the scaling factors have a large effect on the time course of accumulation . Changes of the scaling procedure in the great majority of experiments displaced the apparent calcium accumulation in time, rather than simply prolonging or shortening the time course . Although it has never been obtained in experiments, the slowest possible time course of calcium accumulation, namely a straight line from the initial small depletion to the end point of relaxation, would leave the calcium accumulation rate of a magnitude equal to that of the early depletion rate.
Two Phases of Calcium Accumulation
It was notable that in many signals obtained during paired and quadruple pacing, calcium accumulation appeared to take place in two phases, an early rapid phase during the rising motion signal and a slower phase through the rest of the contractile event. This is described in Fig. 10A for the quadruple pacing sequence from another experiment . At the first potentiated contraction, net calcium accumulation begins at the onset of motion, accelerates through the rising motion signal, and then continues at a slower rate through the motion signal and up to the following premature excitation. Variations of the scaling factors could have shifted the early accumulation phase to a somewhat faster time course or to a later time course, but did not abolish the late phase. In the previous figure, a substantial late phase of calcium accumulation is apparent at the second excitation in the sequence . Fig. IOB shows a stimulation sequence during which a dual time course of accumulation was invariably found under conditions very favorable for resolution. The stimulation pattern is alternating intervals of 400 and 350 ms, which results in alternating large and small contractions (see the 680-nm signal). On careful examination, it can be seen that the muscle did not relax completely between stimulations . At the longer interval (larger contraction), calcium accumulation began sharply at a point early in the rising motion signal, and then slowed rather abruptly before the peak of the motion signal to a fairly constant rate up to the following excitation . At the shorter interval (smaller contraction), the rapid accumulation phase was almost absent, and accumulation through the late relaxation phase up to the next contraction took place at the slower rate. This "slow" rate, which seems to correlate with a small delayed phase of relaxation (compare also with Figs. 3 and 4) , is still very much faster than the rate of reequilibration of extracellular calcium after a cumulative depletion response, which can take several minutes (see Hilgemann, 1986) . Fig. 11 presents the time course of extracellular calcium changes at a potentiated post-stimulatory contraction, after an 8-s train of 4 Hz stimulation as described previously (Hilgemann, 1986) . The stimulation sequence could not be generated by the computer program and was made by hand in 10 experiments, with control of the data acquisition for the potentiated contraction by a prepulse from the stimulation unit . Fig. 9 . The extracellular calcium transient (lower signal) is calibrated in terms of mean extracellular calcium. Signals illustrate two differences from signals in Fig. 9 . The rapid calcium accumulation phase at the initial excitation is followed by a slower phase through most of the contraction . The premature excitations result in smaller contractions (see upper 680-nm motion artifact signal) with only a small late efflux phase compared with Fig. 9. (B) Signals obtained with alternating 400-and 350-ms intervals. 150 pM total calcium. The extracellular calcium transient (lower signal) is also calibrated in terms of mean extracellular calcium. Note that the larger contraction artifacts, after the 400-ms intervals, are accompanied by a rapid calcium accumulation phase. At the smaller contraction artifacts, the rapid phase is almost absent. The slow efflux phase appears to correlate with a slow terminal relaxation, apparent on close examination of the 680-nn motion signal . See text for further details.
muscle was stimulated at^-0.1 Hz, and then at 4 Hz for 8 s, followed by a rest period of 10 s before the potentiated contraction (1). A second excitation was made after an additional 10-s rest period (2), and the sequence was repeated . The opposite baseline absorbance shifts at 470 and 580 nm caused by the potentiated contraction, taken together, are -30% of the magnitude of the potentiated contraction artifacts at those wavelengths. The suppression of similar signals with citrate in both solutions was described previously (Hilgemann, 1986) . Fig. 11 B shows the inverted 680-nm motion artifact at the potentiated contraction, the best estimate of the extracellular calcium transient (470-580 signal ; average of five potentiated contraction signals), and the action potentials meas-72 4 THE JOURNAL OF GENERAL PHYSIOLOGY " VOLUME 87 " 1986 ured after the data acquisition period for the same sequence . The first action potential corresponds to a potentiated contraction; the second action potential corresponds to a subsequent excitation after an additional 10-s rest (see the numbers given in panel A; 680-nm signal). With a post-stimulatory rest period of 10 s, the initial repolarization of the first action potential can be nearly superimposed on that of the second action potential after an additional 10 s. Repolarization did not detectably change with longer rest periods. The peak of the "hump" in the late action potential at the first excitation comes at -42 mV, and corresponds to a point just before the peak of contraction; the maximum potential difference between the two action potentials is 8 mV .
The extracellular calcium transient shows an initial small depletion phase of not more than 0.6 juM. Net calcium accumulation reached a maximum rate within 25 ms, continued rapidly up to a point early in the relaxation of contraction, and continued through the terminal repolarization of the action potential in a slower phase. The signals reflect an estimated net increment of mean 
Calcium Depletion at Post-Rest Stimulation in the Ryanodine State
It became apparent at an early point in this work that the large extracellular calcium depletions found at post-rest stimulation in Ranodine-pretreated muscles were related to a pronounced prolongation of depletion signals . Figs . 13 and 14 present results with 0.2 uM ryanodine pretreatment for 20 min during the equilibration period for the experiment . In Fig. 13 , parts A and B are with 50 1M 4-AP, a concentration at which action potential staircases at post-rest stimulation accumulate in just two to four excitations and at which action potential upstrokes reach the same positive potential from one excitation to the next . Parts C and D are with 2 mM 4-AP . Part A shows the action potentials for twin pulses made at 250-ms intervals with a 20-s rest period . Repolarization at the first action potential is still quite rapid at this concentration of 4-AP, and the second action potential shows a prolonged plateau. Part B (note the slower time scale) shows the corresponding extracellular calcium transient (470-580 signal) and the 680-nm motion artifact record . At the first excitation, extracellular calcium depletion is small and brief (<10 ms); at the second excitation, the depletion is greatly prolonged and shows a gradual decrease of rate through the small contraction artifact . The initial depletion signals at the two excitations could be superimposed with appropriate display after further amplification. Fig. 13 C shows the first two action potentials with 2 mM 4-AP, which are very prolonged for this preparation. Part D shows the corresponding extracellular calcium transient at the first excitation . The net extracellular calcium depletion continues through most of the small rested-state contraction with at most a 25% reduction in rate over 130 ms. Although the initial rate of depletion here is not greater than that found routinely in rhythmically stimulated muscles, the total magnitude of depletion is >10 times greater. It is mentioned that the example chosen for presentation displayed the longest action potential of the preparations tested under these conditions (see preceding article for the behavior of depletion at subsequent excitations) . It should be stressed that the length of the action potentials obtained in this circumstance is dependent on both ryanodine and 4-AP.
The reduction of the bath temperature to room temperature (24°C) was found DISCUSSION FIGURE 14 . Extracellular calcium transients for post-rest stimulation in the ryanodine state at 24°C . 2 mM 4-AP . The depletion responses correspond to the first excitation after a 2-min rest period (20 averagings). Between the responses marked "1" and "2," 3 x 10' M isoproterenol was applied. Note the essentially linear depletion response in "1" and nearly linear response in "2" at roughly a twofold rate . See text for further explanations .
to routinely increase the action potential duration to >200 ms (not shown) under these conditions, and a typical extracellular calcium transient is shown in Fig. 14 . Response number 1 shows the depletion found at the first excitation after a 2-min rest period . The depletion rate is estimated at 1 .8 uM/10 ms (^+0.7 umol/ kg wet weight -10 ms, 200 uM total calcium, 120 uM free calcium) and the depletion continues almost linearly over >200 ms. Depletion response number 2 was obtained after addition of 3 x 10-8 M isoproterenol. The rate of depletion is increased by a factor of -2, and shows only small changes over 200 ms. The total magnitude of the depletion response is -12 umol/kg wet weight . It is worth noting that still larger, more prolonged depletion responses, up to 700 ms, have been obtained in perfused right ventricle of rabbit and cat under similar conditions and also showed little or no reduction in rate over the entire duration .
Are Extracellular Calcium Transients Adequately Resolved by the Subtraction Procedure?
The spectrophotometric resolution of extracellular calcium transients was first attempted under conditions predicted to result in the largest possible net calcium 72 8 THE JOURNAL OF GENERAL PHYSIOLOGY " VOLUME 87 " 1986 influx with the smallest possible contraction; in fact, very substantial calcium depletions could be recorded in the complete absence of muscle contraction in mammalian heart (Hilgemann et al., 1983) . Subsequently, experimental conditions were established under which net extracellular calcium shifts could be evaluated after the contractile event (Hilgemann and Langer, 1984 b; Hilgemann, 1986) . In the present work, the direct problem of muscle motion can also be avoided in drawing several conclusions. The initial depletion of extracellular calcium upon excitation begins well before onset of the motion signal, and at premature excitations, net calcium depletion can often be recorded with almost no contraction artifact . The precise subtraction of the contraction artifact does not affect the conclusion that replenishment of extracellular calcium can be almost complete by the end of relaxation in a rhythmically stimulated muscle . At potentiated contractions, the net accumulation of extracellular calcium is placed unambiguously in the time frame between the onset and end of the motion signal ; as stressed throughout the Results, this time course is the aspect most strongly influenced by the motion subtraction. In Fig. 9 , the subtraction procedure favored nearly the fastest possible time course of net calcium accumulation at the initial contraction in a quadruple pulse sequence . In Fig. 7 (result number 3), the subtraction procedure favored nearly the slowest possible time course of calcium accumulation at the initial contraction in a paired pulse sequence . Even allowing for the greatest possible error in determining these time courses, the rate of net extracellular calcium accumulation at highly potentiated contractions is in the range of the initial rate of net depletion. The wavelength independence of motion signals under precisely the optical conditions of experiments has been established, and the suppression of the calcium-dependent signal components with citrate is a specific and independent means of subtracting the contraction component. Thus, future methodological refinements may well improve on the ratio of calcium-dependent to contraction-dependent signals, but major revisions of the time courses given do not appear to be possible.
Extracellular Calcium Transients During Steady State and Non-Steady State Stimulation
The very rapid onset of extracellular calcium depletion at excitation (2-4 ms) is fully comparable to the fast activation kinetics of calcium channels found in cardiac myocytes (e.g., Isenberg and Kloeckner, 1982 ; Mitchell et al., 1983 ; Lee and Tsien, 1984) . This rapidity is also consistent with calcium electrode records of extracellular calcium depletion (Bers, 1983) , although maximal depletions were not attained within 4-8 ms of excitation here, as appears to be the case in electrode signals. For the development of the spectrophotometric methodology, the present results demonstrate that tetramethylmurexide is in rapid equilibrium with free extracellular calcium at membrane surfaces . The finding of almost complete re-equilibration of extracellular calcium within the contraction during regular stimulation is different from extracellular calcium transients determined in frog ventricle (Cleeman et al., 1984 ; Hilgemann and Langer, 1984a ; Dresdner and Kline, 1985) , where a slow replenishment of extracellular calcium has been found over the course of many seconds between excitations. However, frog ventricle does show a small rapid phase of extracellular calcium accumulation at the onset of relaxation (see records of Cleeman et al., 1984) , which becomes substantially larger at high frequencies of contraction (0 .6-1 Hz; Hilgemann and Langer, 1984a) . Neither in the present work nor in any of the records cited has net extracellular calcium accumulation been observed at positive potentials. In rabbit atrium, the inferred efflux of calcium during contraction must be accounted for within the later portion of the action potential in a negative potential range (e.g., Fig. 3) . The time courses of net extracellular calcium depletion and replenishment during steady stimulation are consistent with at least some contribution of sarcolemmal mechanisms to the activation and relaxation of contraction in this preparation. However, a relative contribution of calcium influx to activation cannot be proposed, since during non-steady state stimulation and with pharmacological intervention, calcium depletion can be completely dissociated from contractile activity . The present work clearly favors a facilitation of calcium influx as an important mechanism of frequency inotropy in this preparation ; prolongation of net depletion responses with an increase of frequency (Figs. 7 and 13) is consistent with action potential broadening as the primary mechanism (Hilgemann, 1986) , rather than factors determining early calcium influx (e.g., calcium channel conductance) . In multicellular preparations, the recovery of calcium current after an excitation was sometimes found to parallel the recovery of contractility (see Noble, 1984 , for review) and was sometimes found to precede the recovery of contractility (e.g., Gibbons and Fozzard, 1975) . The present work demonstrates strikingly that calcium influx can be activated fully within 200-250 ms of a previous excitation at a time when recovery of contractility ("restitution") has just begun.
As pointed out in the Results, the termination of calcium depletion could be determined by repolarization, overlap of calcium efflux with calcium influx, or inactivation of calcium channels . At least at potentiated contractions in the presence of 4-AP, extracellular calcium depletion does stop at relatively positive potentials (about -10 mV), and the subsequent rate of calcium accumulation is slow enough to suggest inactivation (Fig. 8) . The finding of prolonged depletion at premature excitations, and the almost undiminished depletion for >200 ms in the ryanodine state (Figs. 13 and 14) , suggest that the voltage protocol of an action potential alone does not support significant inactivation . Even at enhanced rates of depletion with isoproterenol, depletion can continue almost linearly over 200 ms (Fig. 14) . The probable explanation at present is that initiation of calcium channel inactivation by calcium (Eckert and Tillotson, 1981 ; see Eckert and Chad, 1984 , for review) depends on calcium release in mammalian heart, internal calcium uptake being sufficiently fast to prevent substantial cytosolic calcium accumulation in this preparation. The prolongation of calcium currents by ryanodine in rat myocytes (Mitchell et al., 1984) supports this interpretation (see , also the discussion of Marban and Weir, 1985) . However, the duration of the depletions described here would not be accounted for by these currents . As an explanation, the low calcium concentrations used in the present measurements could well be expected to forestall inactivation . At potentiated contractions, an early termination of calcium current would favor a more rapid initial repolarization, which would be found even with high concentrations of 4-AP ( Fig. 8 ; see also Fig. 4 of Hilgemann, 1986) . The early activation of an outward current associated with calcium release would be a likely additional explanation (Siegelbaum and Tsien, 1980 ; Kenyon and Sutko, 1985) .
The very prolonged depletions found under specific conditions appear to eliminate a role of calcium depletion in restricted spaces in the normal termination of calcium influx, which is probably much faster . This conclusion is also supported by the fact that contractility in highly buffered calcium solutions is not greater, but usually somewhat smaller, than in control solutions of the same pCa. The same conclusion was reached on the basis of a voltage-clamp analysis of calcium current in a multicellular preparation (Kass and Sanguinetti, 1984) . Up to now, the only circumstance in which extracellular calcium transients favor a restriction of calcium influx by depletion is during multiple rapid post-rest stimulations in the ryanodine state (Hilgemann, 1986 ). An extremely rapid depletion at the mouth of calcium channels, which would be a determinant of permeation but not current time courses, remains a possibility.
Throughout the results presented here, calcium efflux is enhanced as the contractile state is enhanced by premature or rapid excitations. At the earliest, net extracellular calcium accumulation begins with the onset of the motion signal (Figs. 9-12) . Therefore, it seems reasonable to suggest that calcium appearing in the extracellular space passed through the cytosol and was extruded by the sarcolemma after contributing to activation. An alternative suggested by various authors, with different formulations, was that calcium efflux at activation could take place through "feet" or junctions of sarcoplasmic reticulum with the sarcolemma. (a) A specialized calcium store in communication with the extracellular space would take up calcium after release from another store and allow a subsequent outflow (Wohlfart, 1979) . (b) Calcium movement through couplings would begin essentially instantaneously with excitation and provide an extracellular source of stored calcium for influx mechanisms (Mensing and Hilgemann, 1981) . (c) Calcium released internally would reach high enough concentrations in diffusion-restricted junctional areas to allow a movement to the extracellular space (Maylie and Morad, 1984) . The net extracellular calcium accumulations described in the present work are clearly not compatible with those mechanisms, which would make calcium efflux voltage dependent in the sense of stimulation by depolarization . Rather, potentiated post-rest contractions of rabbit atrium with a spike-like repolarization appear to present optimal conditions for efflux, and fast efflux rates at potentials of less than -40 mV (Fig. 11) are consistent with sodium-calcium exchange . Net extracellular calcium accumulation begins at an early enough point in time to explain a more positive late action potential by sodium-calcium exchange . Terminal repolarization would be determined both by the magnitude of outward current and the decay of exchange current.
The finding of complex time courses of extracellular calcium accumulation (e .g., Fig. 10 ) could be suggestive of multiple mechanisms, and no available data discount a significant sarcolemmal calcium pump role. However, several factors could result in a complicated efflux time course through a single mechanism.
The rapid phase of calcium efflux, found under most circumstances between the initial rise and the peak of motion signals, would correspond reasonably to the relaxation of intracellular calcium transients measured with aequorin (e.g., Marban and Wier, 1985) . Late components of calcium efflux during the contraction (Figs. 3, 4 , 7, 9, and 10) could, for example, be related to removal of calcium from binding sites with a slow off rate.
Integrated Function of Sarcolemmal Mechanisms and Corresponding Quantitative Considerations
The present results complement in many respects the recent calcium release experiments of Fabiato (1985a, b) in skinned cardiac cells, which would define the mechanistic role of the sarcoplasmic reticulum in post-stimulatory potentiation and paired pacing as follows. Early excitations result in contractions of very small magnitude because they fall upon an inactivated calcium release mechanism and because calcium uptake by the store does not permit activation except by a very rapid calcium release. Calcium efflux would correspond to diffusion of calcium to the surrounding solution and its subsequent aspiration. As outlined in this discussion and by Fabiato, the primary physiological determinants, apart from a calcium-dependent release mechanism, would be a fast calcium channel and a fast electrogenic sodium-calcium exchanger. Under the conditions of the present experiments in rabbit atrium, the kinetic behavior of these mechanisms appears to be remarkably similar to the physical determinants in calcium release experiments (e.g., potentiation decays in just two to three excitations) . Since the original version of this manuscript was written, the viability of this interpretation has been demonstrated by simulation of the fast extracellular calcium transients in detail with precisely these assumptions (refinements of the DiFrancesco-Noble [1984] model of cardiac electrical activity in Hilgemann and Noble, 1985) .
Assuming a sodium-calcium exchange ratio of 3 :1, the rates of net extracellular calcium depletion and accumulation might quantitate roughly the relative magnitudes of calcium current and sodium-calcium exchange current during excitation. At potentiated contractions with a rapid initial repolarization in the present work, the extracellular calcium accumulation rates are clearly in the general range of the initial depletion rates. This would suggest the presence of sodiumcalcium exchange currents of very roughly one-half the magnitude of calcium currents under optimal conditions for calcium efflux . During steady stimulation, the extracellular calcium transients would project only small exchange currents, since the apparent rates of calcium accumulation are much smaller than the initial rates of calcium depletion. The basic predictions from extracellular calcium transients were remarkably consistent with the original simulations of DiFrancesco and Noble (1984) .
The assumed involvement of sodium-calcium exchange in calcium extrusion predicted a calcium-dependent sodium load under physiological conditions even with a 2 :1 stoichiometry, and the expected magnitudes of sodium movements are of fundamental importance to an understanding of sodium homeostasis. In the present work, the magnitude of net calcium influx, assuming no overlap of depletion and accumulation, is~0.3 umol/kg wet weight with 135 uM free calcium . If the relation of calcium influx to extracellular calcium were linear, an influx of 5 jAmol/kg wet weight would be expected with 2 mM external calcium (less than one-half the estimate of Bers, 1983 ; an order of magnitude smaller than the steady state estimate of Pytkowski et al., 1983) . Accordingly, a sodium influx by the exchanger of 15 umol/kg wet weight per contraction cycle would be expected, assuming for the sake of argument that all calcium influx is via calcium channels and all efflux is via a 3:1 exchanger. That would be substantially more sodium influx than needed for an action potential upstroke, and, at least in Purkinje fibers, the bulk of available data does not appear to support the prediction (see, e.g., January and Fozzard, 1984 , for tetrodotoxin sensitivity of sodium loading ; see Ellis, 1985 , for a recent estimation of activation-dependent sodium influx at just the minimum needed for upstroke ; and see Falk and Cohen, 1984 , for indirect evidence of a calcium-dependent sodium load using a highfrequency voltage-clamp protocol with an estimation o£ sodium load from poststimulatory "overdrive" currents) . Although large background sodium conductances appear to complicate the estimation of sodium influx during depolarization in Purkinje fibers (e.g., Ellis, 1985) , substantial quantitative problems are also apparent in other types of data from other preparations . As a recent example, the exemplary calcium current given by Fabiato (1985 b) , and provided by R . D. Tsien, projects over its first 125 ms to a calcium influx of -40 jmol/liter cell after integration (guinea pig ventricular myocyte with EGTA, 5 nA peak current, and an assumed cell volume of 50 pl) . Highly activated sodium pump currents in guinea pig myocytes (Gadsby et al., 1985) project to -7 mM sodium extrusion/ liter cell -min (120-pA currents at high temperature and 34 mM internal sodium) . If the exemplary calcium current were representative of physiological currents, the sodium pump would saturate from sodium influx by the exchanger alone at a frequency of just more than 1 Hz; a square wave of calcium current over 25 ms at 5 nA would saturate the pump at 2 Hz.
One conceivable solution would be that calcium current magnitudes measured in isolated myocytes are not representative ofintact muscle . However, the present work is indeed consistent with myocyte calcium current magnitudes ; calcium influx of 0.2,umol/kg wet weight-10 ms at 135 uM free calcium would correlate with a 5-nA calcium current in a 50-pl cell at just over 2.5 mM external calcium, assuming a linear calcium-current relationship (35% extracellular space; if average atrial cell volumes are substantially less than 50 pl, then current magnitudes would be correspondingly smaller) . The remaining possibility is that a very rapid inactivation of calcium current by intracellular calcium release limits calcium influx to the very early portions of the mammalian cardiac action potential and thereby limits greatly the potential calcium-dependent sodium pump load. This possibility is tentatively supported by the present work, which projects to the smallest calcium influx estimate of all recent methodological approaches at physiological rates . At physiological calcium concentrations, calcium influx would be expected to be still more brief than expected from extracellular calcium transients at low calcium . Clearly, a great deal of quantitative experimentation will be necessary to test this possibility, as well as alternatives that would allow a less tight coupling of calcium and sodium movements in excitation-contraction coupling.
